Influenza virus neuraminidase (NA) is a type II integral membrane protein with a long hydrophobic domain [29 amino acids (aa)] at the N terminus that functions as an uncleaved signal for translocation into the endoplasmic reticulum and anchors the protein in the membrane. The function of the transmembrane domain in intracellular transport was investigated by deletion mutagenesis. Expression of the mutated NA in eukaryotic cells and by in vitro translation in the presence of membranes showed that the deletion of eight amino acids (aa 28 to 35) from the carboxy end of the signal anchor domain resulted in cleavage, probably by the signal peptidase and secretion of NA into the culture medium. The mutant NA (N28-35) was present inside the cell predominantly as dimers, secreted as dimers, and was enzymatically inactive. When translated in vitro in the presence of dog pancreatic microsomal membranes, the N28-35 protein underwent cleavage and did not remain anchored to membranes. Two other deletion mutants in the transmembrane domain, N7-17 and N17-23, were partially cleaved and secreted, whereas two mutants, one (N19-27) lacking nine aa in the central region and the other lacking the first 14 aa from the N terminus remained uncleaved and exhibited a phenotype similar to the wild-type NA. We conclude that the longer transmembrane domain (29 aa) may play an important role in determining that type II signal is not cleaved during translocation; however, in addition, adjacent amino acid sequences also provide determinants important in signal cleavage.
Introduction
The influenza virus A/WSN/33 (H1N1) neuraminidase (WSN NA) is one of the two major viral glycoproteins important both for viral pathogenesis and the host immune response. It is important in the pathogenesis of the influenza virus since it catalyses the cleavage of sialic acid from adjacent sugar residues and thereby facilitates mobility of the virus from cell to cell during infection (Palese et al., 1974) . WSN NA, a type II membrane glycoprotein, has a long hydrophobic domain consisting of 29 amino acids at its amino terminus (aa 7 to 35). This domain serves as an uncleared signal for translocation into the endoplasmic reticulum (ER) and also anchors the protein in the membrane with a COOHexo-NH~cy t orientation (Blok et al., 1982; Bos et al., 1984; Sivasubramanian & Nayak, 1987) . Exposed on the cytoplasmic side are six highly conserved amino acids (Colman & Ward, 1985) . NA has a 418 amino acid ectodomain with four potential N-linked glycosylation sites (Hiti & Nayak, 1982) and consists of the stalk and head region (Colman & Ward, 1985) . The stalk may vary and may play an important role in pathogenesis (Castrucci & Kawaoka, 1993) . Crystallization and threedimensional structural analysis of the N2 NA head indicate that the protein consists of a tetramer having a box-like head with circular fourfold symmetry. Each monomer folds into six topologically identical, fourstranded antiparallel beta-sheets (Varghese et aI., 1983) . Since the protein is well characterized with respect to its three-dimensional structure, it is an excellent model type II protein for structural studies of its different domains.
Both type I and type II proteins contain a hydrophobic stretch of amino acids that serves as a signal for translocation into the ER, resulting in processing and transport of these proteins through the exocytic pathway. In the case of type I proteins, the signal is cleaved during translocation across the ER membrane by signal peptidase. However, in type II proteins the signal is not cleaved and anchors the protein in the membrane. Type II signals are generally longer than those of type I proteins (Adams & Rose, 1985) . Otherwise, they are basically similar in structure. Cryptic cleavage sites are often located within the uncleaved signals of type II proteins; yet these fail to be cleaved by signal peptidase. The question then arises as to why these cleavage sites are not recognized and used during translocation. In order to answer this question we have generated a number of deletion mutations within the signal/anchor and cytoplasmic domains of the WSN NA to examine the function of these domains. In this report we demonstrate that one mutant, in which amino acids 28 to 35 (N28-35) were deleted within the signal/anchor domain, was cleaved when expressed in eukaryotic cells or translated in the presence of membrane. The cleaved protein was secreted as dimers and exhibited no enzymatic activity. These data, together with the data from other mutants, support the hypothesis that a longer stretch of the type II signal sequence as well as specific amino acid sequences around the cleavage site may provide determinants important in the non-cleavage of type II signals.
Methods
Cells'. Monolayers of BHK cells were used and grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % fetal calf serum.
PlasmM construction. The construction of plasmids pNA, pNl-14 (previously referred to as pN15) and pN17-23 has been previously described (Brown et al., 1988) . The mutant cDNAs for N7-17, N19-27 and N28-35 were all constructed by oligonucleotide-directed deletion of nucleotides using bacteriophage M13NA, an M13mpl9 vector, which contained the EcoRI to BamHl fragment of the WSN NA gene (Hiti & Nayak, 1982) excised from pNA (Brown et aL, 1988 Mutagenesis was performed using an /n vitro mutagenesis system (Amersham). Mutant N28-35 had nucleotides 101 to 124 deleted, resulting in amino acids 28 to 35 being removed (Fig. 1) . In mutant N7 17, nucleotides 38 to 70 were deleted, resulting in removal of amino acids 7 to 17. In mutant N19 27, nucleotides 74 to 100 were deleted resulting in removal of amino acids 19 to 27. All mutations were confirmed by dideoxynucleotide sequencing (Sanger et al., 1977) .
Mutated genes were subcloned into the pGEM-3 (Promega) vector by excision of the EcoRI to BamHI fragment from the M13 vectors and ligation into the EcoRI-BamHI-cut pGEM-3 DNA. To reconstruct full-length genes under the control of the T7 promoter, the PvulI large fragment from the mutated NA-pGEM-3 subclones were ligated into PvulI-cut pNA cDNA (Brown et al., 1988) .
Expression, radiolabelling and immunoprecipitation. BHK cells (75 % to 80 % confluent in 60 mm dishes) were infected with vTF7-3 (Fuerst et al., 1986) Labelled cells were washed once with ice-cold PBS and lysed in 0"5 ml oflysis buffer containing 1% Triton X-100, 1% deoxycholate, 20 mM-EDTA, 150 mM-NaC1, 50 mM-Tris HC1 pH 7.6 and aprotinin (100 kallikrein-inhibiting units/ml). Nuclei and cell debris were removed by centrifugation at 12000g for 10 min. SDS was added to give a final concentration of if3 %. Proteins were immunoprecipitated with 3 tat of rabbit anti-NA-peptide IgG (Hogue & Nayak, 1992) . Antibodyantigen complexes were immunoprecipitated with Protein A-Sepharose CL-4B (Pharmacia-LKB). Complexes were washed and subjected to SDS PAGE. Prior to autoradiography, gels were fixed, washed in 10 % glycerol in H20 and treated with 1 M-sodium salicylate.
hnmunoprecipitation of proteins from the medium was performed by clarification at 12000 g for 1 min, followed by concentration of the extracelhilar proteins using a Centricon 30 microconcentrator (Amicon). An equal volume of 2 x lysis buffer was added and adjusted to 0.3 % SDS prior to the addition of antibody. Endoglycosidase H digestion and tunicamycin treatment were performed as described previously (Hogue et al., 1989) except that sodium phosphate buffer was used for endoglycosidase H digestions. Endoglycosidase H and tunicamycin (Boehringer Mannheim) were used at final concentrations of 30 mU/ml and 10 gg/ml, respectively.
Indirect immunofluoreseence. For surface staining, transfected BHK cells in 2 x 2 cm Lab-Tek chamber slides (Nunc) were fixed at room temperature for 10min with PBS containing freshly prepared 4% paraformaldehyde. For internal staining, cells were fixed and permeabilized in acetone/methanol (1:1) for 5 miu at -20 °C. Cells were incubated with 50 mM-NH4C1 in PBS for 10 rain at room temperature to quench the paraformaldehyde and then blocked for 30 min with 0.2 % gelatin in PBS prior to incubation for 1 h with rabbit anti-WSN serum (1 : 50). Cells were then washed for 30 rain with PBS plus 0.2 % gelatin and incubated for 1 h at room temperature with a 1 : 50 dilution of fluorescein isothiocyanate-conjugated goat anti-rabbit IgG (Cappel). Cells were washed for an additional 30 min as above and examined with a Nikon photomicroscope for epifluorescence using a 40x objective.
Gradient centrifugation. The oligomeric structure of the wild-type (wt) and mutant NA proteins was determined by sucrose velocity density gradient centrifugation as described previously (Doms et al., 1988) with some modifications (Hogue & Nayak, 1992 Influenza virus neuraminidase signal cleavage 1017 30 min as described above for immunoprecipitations. At the end of a 3 h chase, cells were lysed on ice with 1% Triton X-100 in 20 mM-MES, 100mN-NaC1, 30mN-Tris-HC1 pH 5.0 (MNT buffer) and 1 mN-PMSF. Nuclei and cell debris were removed by centrifugation for 10 min at 12000g. It should be noted that we found no difference in sedimentation of NA at pH 5.0 and pH 7.0 (Hogue & Nayak, 1992) . Aliquots (300 gl) were loaded on 5 ml continuous 5 to 25% (w/v) sucrose gradients in MNT buffer containing 0-1% Triton X-I00 layered onto a 200 g160 % sucrose cushion. Gradients were centrifuged in an SW55 rotor (Beckman) for 17 h at 29000 r.p.m, at 4 °C. Fifteen fractions (330 gl each) were collected from the bottom, neutralized by the addition of 800 gl of lysis buffer containing 1% Triton X-100, 1-66% deoxycholate, 0.5% SDS, 12.5mM-EDTA, 50mu-Tris-HC1 pH 7.6 and precipitated with anti-NA-peptide IgG as described above. Three standards were sedimented in a parallel gradient as markers. These were 11.3S catalase, 8.6S aldolase and 4.9S BSA. Sedimentation coefficient estimates were made according to Martin & Ames (1981) .
Neuraminidase assay. Cells expressing the wt and mutant NA proteins were lysed with 1% Triton X-100 in 10 mM-Tri~HC1 pH 7.6 and assayed for neuraminidase activity using fetuin (Sigma) as a substrate as previously described (Aminoff, 1961) . Absorbance was measured at 549 nm. Activity was defined as A549 units/unit of protein.
A unit of protein was arbitrarily defined by densitometric tracings of the NA protein immunoprecipitated from an aliquot of the lysate used to assay for NA activity. The protein was immunoprecipitated using an excess of antibodies.
Prediction of potential signal cleavage sites.
A computer program based on the method described by von Heijne (1986) was used to predict potential cleavage sites.
In vitro transcription/translation. In vitro transcription and translation in the presence or absence of dog pancreatic microsomal membranes (RM) were carried out according to the supplier's instructions and as described previously (Brown et al., 1988) . Trypsin treatment and carbonate extraction at higher pH (pH 10 or 11) have also been described previously (Brown et al., 1988) . At the end of translation, 10 gl of the translation mixture was diluted with 100 gl of RSB or 100 gM-sodium carbonate (pH 10 or 11) and incubated in ice for 30 min. Samples were then centrifuged for 30 rain in an Eppendorf microfuge. The soluble and pellet fractions were analysed by SDS-PAGE.
Results

Expression of N28-35 and wt NA
When the wt NA and N28-35 mutant were expressed in BHK cells, immunofluorescence staining showed a similar level of internal staining with essentially similar distribution ( Fig. 2A and C) . However, cell surface staining showed that the ceils expressing the wt NA were brightly fluorescent (Fig. 2B ) whereas cells expressing N28-35 were poorly decorated (Fig. 2D) , indicating that very little of the mutant protein was present on the cell surface.
To determine whether the poor cell surface staining was due to secretion of the mutant protein into the culture medium, cells expressing the wt and mutant proteins were pulse-labelled for 30 rain and chased in unlabelled medium for 3 h. At this time the medium was removed, immunoprecipitated with anti-NA-peptide IgG and analysed by SDS-PAGE. We observed that the secreted NA was, as expected, not detected in the medium of cells expressing the wt protein, whereas secreted forms were present in the medium of cells expressing N28 35 (Fig. 3, compare lanes 1 and 6) . These extracellular molecules of N28-35 protein were partially resistant to endoglycosidase H and heterogeneous in nature (Fig. 3 , lanes 7 to 12) as was observed for the cell surface NA present in influenza virus-infected cells (Hogue & Nayak, 1992) and in cells expressing the wt NA from cDNA (Kundu et al., 1991) , indicating that the secreted forms of N28-35 had been processed through the exocytic pathway. Heterogeneity in mobility indicated that the secreted molecules possessed either two, three or four oligosaccharides as has been shown for the wt NA in influenza virus-infected cells (Hogue & Nayak, 1992) . The kinetics of extracellular secretion were further determined by pulse-labelling the transfected cells for 30 min and chasing for various times in unlabelled medium. N28-35 was first detected in the medium at 2 h and levels continued to increase up to 6 h (Fig. 4) .
Oligomeric forms of the secreted N28-35
The influenza virus NA protein exists as a tetramer consisting of two disulphide-linked dimers which are non-covalently associated (Varghese et al., 1983) . We have recently shown that both the intracellular and cell surface NA in influenza virus-infected cells (Hogue & Nayak, 1992) and the wt NA expressed from cDNA (Kundu et al., 1991) were present predominantly as tetramers. We therefore wanted to examine the oligomeric nature of the secreted N28-35. Accordingly, cells expressing N28-35 were pulse-labelled for 30 min and chased for 3 h in unlabelled medium. The medium was collected and analysed by sucrose gradient centrifugation as described in Methods. Each fraction was immunoprecipitated and analysed by SDS-PAGE under nonreducing conditions. The results show that the secreted form of N28-35 was present predominantly as dimers in the absence of reducing agent and also sedimented around fraction 10 (Fig. 5 ) as expected for a dimer (Hogue & Nayak, 1992) . To determine whether the intracellular form of N28-35 was also a dimer, cells expressing the wt or mutant N28-35 protein were radiolabelled and chased for 3 h in unlabelled medium. Cell lysates were then analysed by sucrose gradient sedimentation, immunoprecipitation and SDS-PAGE analysis under reducing conditions (Fig. 6 ). The wt NA (Hogue & Nayak, 1992) .
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sedimented in the middle o f the gradient (Fig. 6 , lanes 7 and 8) consistent with the position expected for the tetrameric form (Hogue & Nayak, 1992) , based on the sedimentation of catalase (11.3S) as a marker. Calculations indicate that the wt tetramer ( M r 56K x 4) should sediment as a 10"8S molecule. The mutant N A , on the other hand, sedimented predominantly a r o u n d fractions 10 and 11, as expected for the dimeric form ( Fig. 5 and  6 ). These results indicate that unlike the wt N A which was predominantly in a tetrameric form both intracellularly and on the cell surface, the mutant N28-35 were present predominantly as dimers both intracellularly as well as extracellularly. These results suggest that both the tetramer a n d / o r dimer can exit from the ER. However, the possibility that N28-35 tetramers were formed in the E R and became dissociated into dimers during intracellular trafficking could not be ruled out. Enzymatic assay indicated that the wt N A was active (Davis et al., 1983; Jones et al., 1985; K u n d u et al., 1991; Hogue & Nayak, 1992) ; however, both the intracellular and extracellular N28-35 were completely inactive (data not shown). This supports the previous observation that only the tetrameric form of N A was enzymatically active (Varghese et al., 1983; Paterson & Lamb, 1990) .
Analysis of mutant N28-35 by in vitro translation
Since N28-35 was secreted we wanted to determine whether this was due to the activation o f a signal cleavage site or to proteolytic processing occurring on the cell surface. The presence o f a number o f broadspectrum protease inhibitors such as P M S F and aprotinin did not affect the secretion o f N28-35 into the medium (data not shown). Furthermore, when the wt and mutant proteins were synthesized in the presence of tunicamycin which prevents the addition of oligosaccharides, the N28-35 polypeptide chain was shorter than the wt protein (Fig. 7) . These results suggest that N28-35 was cleaved intracellularly although an anomalous migration behaviour of the mutant protein could not be ruled out. To investigate the cleavage by signal peptidase further, both the m u t a n t and wt proteins were translated in vitro in the presence or absence o f R M and the membrane association of the proteins was determined by treating the membranes in alkaline buffer. Under these conditions, vesicles collapse, releasing their contents into the supernatant and the membrane-anchored proteins remain associated with the pelleted membranes (Brown et al., 1988) . The results show that both the wt and N28-35
proteins were glycosylated and protease-resistant in the presence of RM, indicating that they were translocated across the E R (Fig. 8, lanes 4 and 5) . However, the behaviour of N28-35 was markedly different from that of the wt N A after alkaline extraction. At neutral p H (Fig. 8, lanes 13 and 14) both proteins were pelleted with M 1 2 3 4 5 6 7 8 9 10 11 12 69K-46K --?. Fig. 7 . Intracellular expression of the wt and mutant NA proteins in the presence of tunicamycin. Cells, infected with vTF7-3 and transfected with cDNAs encoding the wt NA or mutated proteins, were pulse-labelled for 1 h with 100 pCi/ml each of Trans[35S] label and [aSS]cysteine in methionine-and cysteine-free medium in the absence (lanes 1 to 6) or presence (lanes 7 to 12) of 10 gg/ml tunicamycin. Cell lysates were immunoprecipitated with rabbit anti-NA-peptide IgG. Immunoprecipitates were analysed by SDS-PAGE. Lanes 1 and 7, wt NA; lanes 2 and 8, Nl-14; lanes 3 and 9, N7 17; lanes 4 and 10, N17-23; lanes 5 and 11, N19-27; lanes 6 and 12, N28 35. M r markers (lane M) are shown on the left. 5) . For determining the membrane association of proteins, the wt and N28-35 proteins, translated in the presence ( + ) or absence ( -) of RM, were treated with RSB or carbonate buffer (pH 10 or 11) and the supernatant (S) and pellet (P) fractions were separated by centrifugation and analysed by SDS-PAGE (lanes 7 to 18). Note that unlike the wt NA, N28 35 was present predominantly in the supernatant fraction after carbonate extraction at pH 10 (lanes 15 and 16).
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the membranes as expected, but at pH 10 85% of N28-35 was present in the supernatant whereas the wt NA was present only in the pellet and was totally absent from the supernatant (lanes 15 and 16). Only at higher pH (pH 11) did some of the wt protein become dissociated from the membranes and released in the supernatant (lanes 17 and 18). The behaviour of the N28-35 mutant was consistent with that expected for a secretory protein without any anchor. These in vitro data support the idea that N28-35 had undergone cleavage in the ER, probably by signal peptidase.
Position effect of the deletion in the transmembrane region
Since the transmembrane domain of NA consists of a long stretch of 29 amino acids (amino acids 7 to 35), we wanted to determine whether the shortening of this domain by deletion was primarily responsible for the activation of a cleavage site. We therefore made other similar deletions at the N terminus and within the central region of this domain (Fig. 1) . We observed that a small amount of the protein was secreted with two other mutants (Fig. 3) , one with a deletion at the N terminus (N7-17) and another with a deletion within the central region (N17~3) of the signal/anchor domain. On the other hand, no secreted protein was found in two other mutants, one with a deletion in the central region (N19-27) and the other in which the first 14 amino acids, including the six conserved amino acids in the cytoplasmic tail, were deleted (Fig. 3) . Similar results were observed when the intracellular proteins were analysed after tunicamycin treatment (Fig. 7) . N7-17 exhibited two bands indicating a partial cleavage.
Although not evident here, N17-23 also showed partial cleavage in other experiments (data not shown). Immunofluorescence data showed that all mutant proteins were expressed intracellularly to essentially similar extents and were also present on the cell surface (data not shown).
Discussion
The major difference between the secretory or type I transmembrane proteins and the type II transmembrane proteins is that the signal sequence of the former group is cleaved by signal peptidase during translocation into the ER; in the latter group, the signal remains uncleaved and anchors the protein to the membrane. Why the signal is cleaved in one group of proteins but not in the other is not understood. Previous in vitro studies have demonstrated that cryptic cleavable signal sequences are present in the transmembrane domain of a number of type II proteins, yet they are not normally cleaved by signal peptidase (Lipp & Dobberstein, 1986 Schmid & Speiss, 1988 Our data support the hypothesis that the cleavage of N28-35 was due to processing by signal peptidase. Cleavage occurred intracellularly, a faster migrating polypeptide was present in the presence of tunicamycin (Fig. 7) and the cleaved product was secreted into the extracellular medium (Fig. 3) . Furthermore, in vitro studies showed that both the translocation and cleavage occurred only in the presence of membranes and that the cleaved product was not anchored to the ER membrane as expected for secretory proteins (Fig. 8) . The wt NA has two potential cleavage sites, one between residues 25 and 26 and the other between residues 31 and 32 ( Fig. 1) as determined by the cleavage prediction method of von Heijne (1986) . The potential cleavage site between amino acids 25 and 26 is preserved in N28-35 and is the likely site of cleavage (Fig. 1) . However, sequence analysis will be required to determine the exact cleavage site. Although we made several attempts at sequencing, the results were ambiguous, possibly because of a mixed population of molecules. We therefore intend to mutate the Q2~(-1) and I23( -3) residues and determine whether the predicted site between amino acids 25 and 26 was used by the signal peptidase in N28-35 (von Heijne, 1986) . Positions -3 and -1 relative to the cleavage site are important determinants of cleavage (von Heijne, 1983) .
Even though the sequences of a large number of cleaved and uncleaved signals are known and general rules governing the signal cleavage site have been proposed (von Heijne, 1986) , it is not clear why some signals are cleaved while others are not. One common factor appears to be the shorter length of the hydrophobic domain of cleaved signals compared to that of uncleaved signal (Lipp & Dobberstein, 1988) . The longer (25 to 29 amino acid) transmembrane domain may affect the positioning of the cleavage site relative to signal peptidase and thus prevent cleavage. In addition, the nature of the flanking sequences, presence of the charges (positive versus negative) at the C or N terminus (Lipp & Dobberstein, 1986 Szczesna-Skorupa et al., 1988) as well as the nature and length of the bulky N-terminal cytoplasmic tail (Schmid & Speiss, 1988) may also affect cleavage. The data presented here support the hypothesis that shortening the long membrane-spanning domain (16 to 23 amino acids) may aid in cleavage (Lipp & Dobberstein, 1988) . In addition, our data also support the idea that amino acid sequences around the cleavage site may provide important determinants with regard to cleavage. For example, all NA mutants (Fig. 1) (Lipp & Dobberstein, 1988) .
Mature influenza virus NA is a tetramer (Varghese et al., 1983) and the tetramer appears to be the only enzymatically active form of extracellular Tokyo NA when it was converted into secretory forms by the addition of FRED from the simian virus 5 F protein (Paterson & Lamb, 1990) . Our data are consistent with these results since N28-35 existed predominantly as dimers, both intracellularly and extracellularly, and was enzymatically inactive whereas the wt NA either in the virus-infected cells (Hogue & Nayak, 1992) or expressed from cDNA (Kundu et al., 1991) was predominantly a tetramer and enzymatically active.
In conclusion, the data presented here show that type II transmembrane proteins like influenza virus NA contain uncleaved signal cleavage site(s) and that both the length as well as sequences around the cleavage site may play an important role to ensure that the signal anchor domain of NA is not cleaved and the protein remains anchored to the membrane.
